The northeastern convergence of the Philippine Sea plate toward the Eurasian plate causes the major western Philippine Sea plate boundary to subduct toward the northwest or west directions. However, this phenomenon is not clearly observed along the plate boundary between Luzon and Taiwan. Careful examination of deep seismicity in the southern Taiwan area from the earthquake catalog reported by the Central Weather Bureau shows two seismic zones dipping toward the opposing directions. The first dips toward the east from the surface down to 150 km in depth, while the second dips westward at depths between 150 and 200 km. These two seismic zones are confirmed further by seismogram observation and modeling results generated by two deep faults in the southern Taiwan area. The eastward seismic zone clearly results from the Eurasia plate subduction along the Manila trench, while a small section of the westward seismic zone might likely be a residual slab from the ancient subducted Philippine Sea plate. Based on the subduction speed obtained from GPS observations and the subducted Eurasian plate geometry, we can further estimate the eastward Eurasian plate subduction started at least 3.35 million years ago. This result is roughly consistent with the volcanic ages (3 -4 Ma) observed in the arc between Luzon and Taiwan.
INTRODUCTION
Since the Philippine Sea plate moves relatively toward the northwest direction (Seno 1977; Yu et al. 1997) , some of the convergence boundary in the western part of the Philippine Sea plate is shown by subduction toward northwest or west directions. For example, northeast of Taiwan, the Philippine Sea plate subducts toward the northwest direction along the Ryukyu Trench beneath the Eurasian plate from Kyusyu to the Ryukyu Islands of Japan. South of Taiwan the westward subduction system is found down to Luzon Island of the Philippines.
However, it is very difficult to identify the westward subduction in the Taiwan area. Instead, the Eurasian plate clearly subducts eastward beneath the Philippine Sea plate from southern Taiwan to northern Luzon. Thus, it is interesting to determine possible answers for the following questions. Why is there no westward subduction in Taiwan now? Was there a westward subduction before? If there was, when did it stop?
In order to improve our understanding of the questions above, we carefully examined the seismicity in the southern Taiwan area. We looked first at the deep earthquakes located by the Central Weather Bureau in the southern Taiwan area. In addition to finding an eastward subduction zone shown by a clear Benioff zone, we surprisingly identified a small cluster of earthquakes dipping westward at the end of the eastward subduction zone. We then checked the difference in seismograms generated by two closed earthquakes to distinguish exactly where they were located. We further performed ray path modeling to show the seismic wave arrivals through different ray-paths. We discuss when the westward Philippine Sea plate subduction stopped.
TECTONIC BACKGROUND
The subduction system from Luzon to the Taiwan islands is one of the most complicated plate convergence zones in the western part of the "Ring of Fire". A double subduction zone with opposing convergent directions has been revealed beneath Luzon Island of the Philippines (Fig. 1) . The Eurasian plate of the South China Sea is subducting eastward along the Manila Trench beneath Luzon Island, while the Philippine Sea plate subducts westward along the Eastern Luzon Trough. Two subduction zones at opposing directions are clearly shown from the seismicity profiles across Luzon Island (sections C and D in Fig. 1 ). Based on the PDE (Preliminary Determination of Epicenters) catalog reported by the USGS (http://earthquake.usgs.gov/research/data/pde.php), earthquakes with magnitudes greater than 5 demonstrate that a seismic zone dips eastward from the South China Sea to Luzon Island. The focal depths increase from the surface to a depth of more than 250 km (section D in Fig. 1 ). On the other hand, the westward subduction is shown roughly by some deep earthquakes from the Pacific Ocean to Luzon Island. The eastward subduction at Luzon Island extends continuously northward to the southern Taiwan area (sections A, B, and C in Fig. 1 ), or even further to the central Taiwan area (Lin 2000 (Lin , 2002 (Lin , 2009 Chen et al. 2004) . It is very difficult to identify the westward Philippine Sea plate subduction in the Taiwan area. Instead of the westward subduction, the Philippine Sea plate subducts northward along the Ryukyu Trench east of Taiwan.
SEISMICITY IN SOUTHERN TAIWAN
In order to improve understanding of the southern Taiwan regional seismic characteristics we examined the earthquake catalog reported by the Central Weather Bureau since 1992 (Fig. 2) . Those earthquakes were routinely located using the Taiwan dense seismic network (CWBSN, Central Weather Bureau Seismic Network) (Shin et al. 2013) . This seismic network is composed of more than 80 seismic stations located throughout the Taiwan area, including all offshore islands such as Lanyu and Lutao east of Taiwan as well as Tongsa in the South China Sea (Shin et al. 2000) . The Central Weather Bureau earthquake catalog provides more accurate earthquake locations than the PDE does. The smaller earthquake detection capability of the CWBSN is obviously better than that by the global seismic network.
The deep seismicity reported by the Central Weather Bureau shows two interesting seismic zones in the southern Taiwan area (Fig. 2) . The eastward subduction zone beneath southern Taiwan is clearly shown by the seismicity reported by the Central Weather Bureau. The clearest seismic zone for deeper earthquakes is an east-dipping zone from 50 km depth down to 150 km. This seismic zone clearly results from the Eurasian plate subduction beneath the Philippine Sea plate in southern Taiwan and it continues southward all the way to Luzon Island (Fig. 1) .
It is also worth noting that some anomalous earthquakes are clustered in depths between 150 and 200 km, forming a seismic zone roughly dipping toward the west (Fig. 2) . Although this westward seismic zone (150 -200 km) is not as clear as that dipping east at shallower depths (50 -150 km), the eastward seismic zone at the deeper part is significantly different from the east-dipping trend at the shallower depths (50 -150 km). It also seems that there is a small seismic gap between the east-dipping (50 -150 km) and the west-dipping seismic zones (150 -200 km) . This seismic gap becomes more significant if one only focuses on the earthquakes with magnitudes greater than 4.0 in Fig. 2 .
SEISMOGRAMS FROM TWO EVENTS
To confirm that the west-dipping seismic zone is really distinguished from the east-dipping seismic zone, we checked two larger deep events that were close to each other but probably could generate different ray paths due to the complicated geometry of the subducted slabs. The detailed source parameters for both deep earthquakes are shown in Table 1 . The first earthquake (Event 1) occurred on 26 December 2000, with the first P-waves recorded at one seismic station (TWK) on the Hengchun Peninsula, the southernmost tip of Taiwan, showing a clear pulse with some smaller later arrivals at the vertical component (Fig. 3a) . This is a typical first P-wave waveform generated by a deep earthquake, directly propagated through a homogeneous upper mantle and recorded at one seismic station on the surface. The second earthquake (Event 2) occurred on 30 January 2010, with seismograms recorded at station TWK showing two clear P-waves with unambiguous arrivals separated by about 2.5 sec (Fig. 3b) . Since the second arrival was significantly later than the first one, it was hardly caused by structures nearby the source or the seismic station. The two clear P-wave phases might result from P-waves propagated through different paths from the source to the station.
Since the seismic station (TWK) is located on the top of the subducting slab (Fig. 2) , seismic P-waves propagated through two different paths within the subducted slab might take place. Lin et al. (1999) showed that two P-waves could result from seismic waves propagating through multiple paths within a subducted slab. The 1 st P-wave arrival was reflected from the subducted mantle at high velocity, while the 2 nd P-wave was propagating directly within the subducted crust at low velocity. Thus, the significant difference between the first P-waves generated by two closed earthquakes and recorded at the same station (TWK) suggests that two earthquakes, even though they were close to each other, probably could generate different ray paths due to the complicated subducted slab geometry. Although both earthquakes might occur within the westward subducted slab, they might be located inside and outside of the downward extension of the eastward subducted slab (Fig. 2) .
MODELING OF SEISMIC RAY PATH
To further explain the interesting observations of different P-wave characteristics generated by two closed earthquakes, we conducted a simple subduction model for calculating the ray-paths generated by two earthquakes located inside and outside the subducted slab (Fig. 4) . The subducted slab is composed of two layers dipping toward the east: the uppermost mantle and the crust. The velocity in the uppermost mantle and the subducted slab is simply assumed as 8.0 km sec -1 . The velocities of the subducted crust range from 6.8 km sec -1 near the surface to 7.0 km sec -1 at 150 km depth according to a previous study (Lin et al. 1999 ). The P-wave arrivals through different ray paths are calculated at one station on top of the subducting slab according to a two-dimensional travel-time inversion algorithm (Zelt and Smith 1992) . Two earthquakes are assumed to be inside and outside the subducted slab for explaining the observations of different P-wave characteristics from two earthquakes separated by a very short distance (~10 km). Figure 4a shows two groups of P-waves generated by an earthquake within the subducted crust. The first is the directed P-wave within the subducted crust. The second is the reflected P-wave from the subducted mantle. Therefore, two clear phases could be generated by the earthquake occurring on 30 January 2010 and observed at the station (TWK) on the subducting crust at the surface (Fig. 3b) . Figure 4b shows only one group of ray-paths generated by an earthquake outside the subducted slab. Since the subducted crust has lower velocity than either the subducted mantle or the overlying mantle, it is difficult to observe any reflected or refracted waves from the subducted slab boundary. This is consistent with the observation of only one Pwave generated by the earthquake on 26 December 2000 and recorded at station TWK (Fig. 3a) .
The observation and modeling results for two closed earthquakes around the subducted slab demonstrate that two deep earthquakes might be located inside and outside (a) (b) Fig. 3 . Three component seismograms generated by two earthquakes located beneath southern Taiwan. The first P-and S-waves arrivals are marked by arrows.
(a) (b) Fig. 4 . Ray-path modeling of seismic waves generated by the earthquake (a) inside and (b) outside the subducting slab.
the subducted slab downward extension (Fig. 2) . When the earthquake is located within the subducted slab downward extension continued from the surface down to the earthquake (Fig. 4a) , two P-waves might be observed at the station on top of the subducted crust. Only one P-wave is observed at the surface if the deep earthquake occurs outside the subducted slab downward extension (Fig. 4b) .
DISCUSSION
A small section of the seismic zone dips toward the west at depths between 150 and 200 km, considered a residual slab of the ancient subducted Philippine Sea plate. In theory, earthquakes at depths deeper than 150 km could not occur outside the subducted slab because the temperature in the mantle is too high to maintain the brittle characteristics required for slab rupture. Thus, an earthquake occurring outside the east-dipping subducted plate might be located at either a piece of the forearc dragged by the subducted Eurasian slab (e.g., Chemenda et al. 1997; Malavieille et al. 2002) or a major heterogeneity in the mechanical continuity of the eastward subducting Eurasian slab or another subducted slab in this area (e.g., Lallemand et al. 2001 ). However, the clustered seismicity geometry perpendicular to the eastward subduction of the Eurasian plate alternatively suggests that westward subduction of the Philippine Sea plate occurred in the past with the Philippine Sea plate moving northwest toward the Eurasian plate for tens of millions years. Although this phenomenon is not observed on the surface along the plate boundary between Luzon and Taiwan, the westward subduction of the Philippine Sea plate beneath the central part of Luzon Island is clearly identified by the Benioff zone at section D in Fig. 1 . Such a westward subduction might possibly extend to the north to southern Taiwan before the eastward subduction of the Eurasian plate started several million years ago.
One might estimate that when the eastward subduction started according to the subducting velocity and the maximum depth of the subducted Eurasian plate slab. The eastward Eurasian plate subduction ends roughly at ~150 km depth where the westward Philippine Sea plate subducted slab is found (Fig. 2) . The total length of the subducted slab will then be 233.28 km using a dipping angle of 50 degrees. The average Eurasian plate motion with respect to the global coordinator can be estimated at the Penghu Island GPS station, Taiwan Strait (Fig. 5a ). Although the total Eurasian plate motion at Penghu is 3.2 cm yr -1 toward the southeastern direction, the eastward component is about 2.76 cm yr -1 . The GPS station observation at Lanyu Island on the Luzon volcanic arc shows the Philippine Sea plate moving toward the west at about 4.19 cm yr -1 with respect to the global coordinator (Fig. 5b) . Thus, if one considers that plate movement of about 6.95 cm yr -1 occurred in the past few million years this plate has totally subducted eastward beneath the Philippine Sea plate, then the subduction process with a dipping angle of ~50 degrees toward the east would take at least ~3.35 million years from the surface down to 150 km in depth. In other words, the Philippine Sea plate subduction might stop with the eastward Eurasian plate subduction starting almost simultaneously at least 3.35 million years ago. This result is roughly consistent with the volcanic ages (3 -4 Ma) found in the area between the northern Luzon and southern Taiwan area (Yang et al. 1996) .
This seismic zone dipping to the west might be caused by direct contact with the eastward Eurasian plate subducting slab, which is colder and stronger than the ancient subducted slab. The residual section of the ancient subducted Philippine Sea plate might be colder than any other sections of the subducted slab due to direct contact with the eastward subducted slab, which is still colder than the surrounding mantle (Fig. 6) . The subducting Eurasian slab pushes and creates strong stress on the residual slab, and then produces earthquakes within the cold ancient slab. Thus, two seismic zones dipping to opposing directions can be observed beneath the southern Taiwan area (Fig. 2) . The seismic gap between both slabs shown in Fig. 1 might result from the strength difference. The eastward Eurasian plate subduction is colder and stronger than the westward subducted slab of the ancient Philippine Sea plate, and thus no significant earthquakes occur within the bottom of the Eurasian plate when it collides with the ancient Philippine Sea plate.
CONCLUSION
Examination of deep seismicity in the southern Taiwan area shows two seismic zones dipping in opposing directions. In addition to the eastward subduction from the surface down to 150 km, there is another seismic zone dipping to the west at depths between 150 and 200 km. These two seismic zones were confirmed by seismogram observations and modeling results generated by two deep earthquakes located inside and outside of the subducted slab downward extension. The eastward seismic zone clearly results from the Eurasian plate subducton along the Manila trench, while the westward seismic zone might likely be a residual slab from the ancient Philippine Sea plate subducted before. We further estimate Philippine Sea plate subduction stopped and the eastward Eurasian plate subduction started almost simultaneously at least 3.35 million years ago. This is based on the subduction speed from GPS observations and the geometry of the subducted Eurasian plate. This result is roughly consistent with the volcanic ages (3 -4 Ma) found in the area between Luzon and Taiwan. 
